PGC-1α is regarded as a key regulator of mitochondrial biogenesis due to its central role in regulating the activity of key transcription factors associated with encoding mitochondrial components. Additionally, PGC-1α has shown to mediate adaptations that increase fat metabolism and angiogenesis, contributing to the overall oxidative phenotype of the muscle. While it is well established that exercise is a potent stimulator of PGC-1α, recent evidence indicates that heat and cold exposures may also influence mitochondrial biogenesis through the up-regulation of PGC-1α. This highlights the potential use of these modalities in conjunction with exercise to enhance training adaptations. As such, the purpose of this review is to describe the possible mechanisms and pathways by which exercise, as well as hot and cold exposures may influence mitochondrial biogenesis. It is clear that changes in intracellular calcium, oxidative stress and phosphorylation potential are major up-regulators of PGC-1α during exercise. Moreover, there is evidence implicating calcium signalling, in addition to β-adrenergic activation in cold-induced mitochondrial biogenesis, while PGC-1α during heat exposure is likely triggered by changes in phosphorylation potential and nitric oxide signalling. However, these mechanisms appear to change considerably when cold/heat is administered following exercise, and seem to be dependent on the experimental models used (i.e. in vitro vs. in vivo, rodent vs. human). Understanding the effects heat/cold exposure and its interaction with exercise may lead to the optimisation and development of temperature-related interventions to enhance training adaptations, or aid in the treatment of mitochondrial related diseases.
Introduction
Improvements in the oxidative potential of skeletal muscle is associated with a number of complex structural and morphological alterations, leading to an increase in mitochondrial content (Hoppeler et al., 1973) , increase in metabolic enzymes (Gollnick & Saltin, 1982) , oxidative fibre-type transformations (Inbar et al., 1981) , enhanced capillary density (Daussin et al., 2008) and improved conduit and microvascular function (Lash & Bohlen, 1992; Rakobowchuk et al., 2008) . Although mitochondrial function, independent of content may be increased by exercise training (Conley et al., 2013) ; the increase in mitochondrial content (i.e. mitochondrial size and number), termed mitochondrial biogenesis is especially critical to improvements in muscle aerobic capacity and function (Holloszy & Coyle, 1984) . Transmission electron microscopy is regarded as the gold standard in determining mitochondrial content. However, due to the laborious nature of this technique and its unavailability in many laboratories, measures of several mitochondrial components and/or their activities have been used as surrogate markers, with cardiolipin, citrate synthase (CS) and complex I activities being the best indicators of mitochondrial content (Larsen et al., 2012) . While there are many important factors involved in the biosynthesis of the mitochondrion, the transcriptional coactivator, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) has been identified as a key regulator involved in this highly complex process (Hood, 2009; Puigserver et al., 1998; Wu et al., 1999) . Indeed, there is now good evidence demonstrating that exercise-induced mitochondrial biogenesis is modulated via PGC-1α dependant mechanisms (Calvo et al., 2008; Leick et al., 2010; Leick et al., 2008; Little et al., 2011; Safdar et al., 2011; Uguccioni and Hood, 2011; Zhang et al., 2014) . Exercise capacity and performance has shown to be strongly associated with muscle mitochondrial content in both animal and human models (Daussin et al., 2008; Fitts et al., 1975) and is associated with improved risk factors for a variety of chronic diseases (Bishop-Bailey, 2013) . Furthermore, mitochondrial dysfunction may be associated with the pathophysiology of cardiovascular disease (Wang et al., 1999; Wisloff et al., 2005) , aging (Figueiredo et al., 2008) and muscle atrophy (Romanello et al., 2010) . As such, interventions that potentiate or mimic exercise-induced PGC-1α expression and mitochondrial biogenesis may serve as a potential therapeutic aid to enhance skeletal muscle aerobic function and consequently befit both the athletic and clinical populations.
Heat and cold therapy are well recognised modalities in the treatment of acute musculoskeletal injuries (Swenson et al., 1996) and have been recently utilised as recovery strategies among athletes to improve sport/training performances (Ihsan et al., 2013a; Wilcock et al., 2006) . Moreover, there is emerging evidence highlighting the potential of these modalities to enhance mitochondrial adaptations either independently or in response to training. For instance, in studies using cell culture and animal models, mitochondrial biogenesis has shown to be up-regulated following both heat and cold exposures through PGC-1α dependant mechanisms similar to that observed following exercise (Bruton et al., 2010; Liu & Brooks, 2012; Puigserver et al., 1998; Tamura et al., 2014; Wu et al., 1999) . However, when administered following exercise, both heat and cold interventions have demonstrated contradictory results, with some studies showing beneficial, while others detrimental effects on PGC-1α and/or muscle aerobic performance (Ihsan et al., 2014; Slivka et al., 2013; Slivka et al., 2012; Tamura et al., 2014; Yamane et al., 2006) . Taken together, these studies highlight the potential of these modalities to both enhance and diminish mitochondrial adaptations to training, as well implicating PGC-1α as a key target in these mechanisms. As such, a thorough examination of the primary stimuli and pathways involved in exercise, heat-and cold-induced mitochondrial biogenesis via PGC-1α dependant mechanisms is warranted. Elucidating the biochemical interactions involving heat/cold exposures with exercise may assist in the development of temperature optimised interventions to enhance training adaptations, or in the treatment of mitochondrial related diseases. The purpose of this review is to: i) Give a brief overview of exercise-induced mitochondrial biogenesis; ii) describe the primary stimuli inducing/activating PGC-1α and their relative importance in exercise-induced mitochondrial biogenesis; iii) describe the mechanisms involved in heat and cold-induced PGC-1α expression and mitochondrial biogenesis, and; iv) describe the interactions between heat and cold exposures on exercise-induced PGC-1α expression and mitochondrial biogenesis. It should be noted that considerable volume of research has examined the role of PGC-1α in mitochondrial biogenesis in recent years. Due to space limitations, not all of this work could be discussed within the current manuscript.
Exercise-Induced Mitochondrial Biogenesis
It has been well established that regular endurance exercise is a potent stimulator of mitochondrial biogenesis. An exerciseinduced increase in mitochondrial size and number was first demonstrated by Holloszy et al. (1967) who observed a 60% increase in mitochondrial protein content, a 2-fold increase in cytochrome c (Cyt c) and 2-fold increase in the activities of respiratory chain proteins (Complex I-IV) in rat muscle following 12 weeks of endurance training. Associated with these changes, the authors also observed a significant improvement in running time to exhaustion when compared with an untrained control group (186±18 min vs. 29±3 min). Similar findings have subsequently been observed by other groups using guinea pigs (Barnard et al., 1970) , rats (Gollnick & Ianuzzo, 1972) and later humans (Morgan et al., 1971) . Using a single-leg cycling design, Morgan et al. (1971) observed that an increase in mitochondrial protein content was largely due to increases in mitochondrial size (i.e. surface area & volume) rather that mitochondrial number. However, Hoppeler et al. (1973) later compared mitochondrial morphometry between trained and untrained subjects and reported that both mitochondrial size and number accounted for the higher mitochondrial protein content observed in the muscles of the trained subjects. These pioneering studies provide strong evidence implicating muscle contractile activity in mitochondrial biogenesis and consequently set the stage for future studies investigating the regulatory factors involved in this process.
Factors Involved in Mitochondrial Biogenesis
Although strong evidence for the role of exercise in mitochondrial biogenesis has been developed, the molecular mechanisms involved in this process remains to be fully elucidated. The biosynthesis of the mitochondrion is a highly complex event that requires the coordinated and cooperative function of the nuclear and mitochondrial genomes (Goffart & Wiesner, 2003; Hood, 2009; Joseph et al., 2006) . Indeed, the mitochondria proteome consists of over 1000 protein subunits (Goffart & Wiesner, 2003) ; of which, an estimated 90 to 95% are encoded in the nucleus and following translation in the cytosol, are subsequently transported into the mitochondrial compartments for assembly (Ljubicic et al., 2010) . The remainder of mitochondrial proteins are encoded in the mitochondrion itself which possesses its own genome (mtDNA) (Ekstrand et al., 2004) . The transcription and replication of mtDNA is regulated independently of the nuclear genome but seems to rely on several nuclear-encoded transcription factors, particularly the mitochondrial transcription factor A (Tfam). Once imported into the mitochondria, Tfam binds with mtDNA, regulating its transcription and replication (Ekstrand et al., 2004; Moraes, 2001) .
A number of transcription factors have been implicated in coordinating the encoding of the nuclear genome. Of particular importance are the nuclear respiratory factors 1 (NRF1) and 2 (NRF2). These factors are important in the transcriptional activation of many nuclear genes (Goffart & Wiesner, 2003) including the subunits for respiratory chain complexes I-V (Scarpulla, 2002) and several transcription factors responsible for mtDNA transcription (Gleyzer et al., 2005) , including Tfam (Virbasius & Scarpulla, 1994) . In this regard, it is evident that the NRFs are responsible for the transcription of both nuclear and mtDNA. However, the mere binding of transcription factors to gene promoters do not activate gene transcription, nor does it imply transcriptional coordination between the nuclear and mitochondrial genomes (Spiegelman & Heinrich, 2004) .
Upstream factors that coordinate and regulate the transcriptional control of NRFs and Tfam were virtually unknown until the recent discovery of the transcriptional coactivator, PGC-1α by Puigserver and Colleagues (1998) . In that study, it was shown that PGC-1α mRNA was powerfully induced in brown fat following cold exposure, with concomitant increases in the expression of cytochrome c-oxidase subunits 2 (COX2), 4 (COX4) and ATP synthase (Puigserver et al., 1998) . Moreover, when ectopically introduced into cultured myotubes or white fat cells, PGC-1α increased the mRNA expression of Cyt c, COX2, COX4 and ATP synthase (Puigserver et al., 1998; Wu et al., 1999) in line with a 51% increase in mitochondrial density in the myotube preparations (Wu et al., 1999) . Given that COX4 and ATP synthase are encoded in the nucleus, while Cyt c and COX2 in the mtDNA, it was speculated that PGC-1α may regulate both nuclear and mitochondrial encoded components (Puigserver et al., 1998; Wu et al., 1999) . This hypothesis was subsequently confirmed by Wu et al. (1999) , who showed that the ectopic introduction of PGC-1α into cultured myotubes resulted in increased NRF1, NRF2, and Tfam mRNA expression. In this study it was shown also that PGC-1α physically interacts with NRF1, significantly increasing its transcriptional activity (Wu et al., 1999) . Taken together, the findings by Puigserver et al. (1998) and Wu et al. (1999) demonstrate that PGC-1α coordinates and regulates mitochondrial biogenesis by inducing the expression of transcriptional factors that encode both nuclear and mtDNA, and by regulating the transcriptional activity of mitochondrial genes by activating NRF1 and subsequently Tfam via NRF1.
PGC-1α in Exercise-Induced Mitochondrial Biogenesis
Since the pioneering work by Puigserver et al. (1998) and Wu et al. (1999) , the relative importance of PGC-1α in exerciseinduced mitochondrial biogenesis has been rigorously investigated. Transgenic mice over-expressing PGC-1α have Oct 2014 ‫|‬ Volume 3 ‫|‬ Issue 1 ‫|‬ e7
shown to contain greater muscle mitochondrial content and higher basal mRNA expression of several respiratory chain components such as Cyt c and COX4 when compared with wildtype controls (Calvo et al., 2008) . Moreover, PGC-1α overexpressing mice have shown to possess higher maximal oxygen uptake (VO2max) and demonstrated superior exercise capacity during voluntary and forced running (Calvo et al., 2008) . However, loss-of-function studies using whole-body or muscle specific PGC-1α knock-out models have to date demonstrated contradictory results. Leick et al. (2008) first showed that PGC-1α was not essential for exercise-induced mitochondrial biogenesis, where training-induced increases in COX1, Cyt c and δ-aminolevulinate synthase (ALAS) were not impaired in whole-body PGC-1α knock-out mice. Yet, whole-body PGC-1α deficiency is not an ideal model to study exercise-induced mitochondrial biogenesis in the skeletal muscle, as it is associated with numerous systemic effects, including hypermetabolism, hyperactivity and reluctance to exercise (Chinsomboon et al., 2009; Lin et al., 2004) . Consequently, muscle specific PGC-1α knock-out models have been recently utilised in this line of research, but again with contradictory findings (Geng et al., 2010; Rowe et al., 2012; Uguccioni & Hood, 2011) . Indeed, mitochondrial biogenesis has been shown to be impaired following exercise training or chronic electrical stimulation using a PGC-1α gene knock-out model in rodent muscles and culture myotubes, respectively (Geng et al., 2010; Uguccioni & Hood, 2011) . Conversely, a recent study showed that mitochondrial adaptations following exercise was not impaired in muscle specific PGC-1α knock-out mice (Rowe et al., 2012) . Taken together, while the regulatory role of PGC-1α in the mitochondrial biogenesis program is well established, its essentiality remains to be fully elucidated.
Recent studies have identified several PGC-1α isoforms (Popov et al., 2014; Tadaishi et al., 2011; Ydfors et al., 2013) which are mostly exercise sensitive and collectively contribute to the overall increase in skeletal muscle PGC-1α mRNA observed following exercise (Baar et al., 2002; McGee & Hargreaves, 2004; Pilegaard et al., 2003; Russell et al., 2005) . However, PGC-1α protein content may (Mathai et al., 2008) or may not (McGee & Hargreaves, 2004 ) be up-regulated following acute exercise, indicating that initial increases in PGC-1α mRNA do not necessarily lead to increased protein expression. Paradoxically, gene expression of Tfam, Cyt c and the transcriptional activity of NRFs all increased shortly after exercise Wright et al., 2007b) indicating that initial events in mitochondrial biogenesis are mediated by the activation/phosphorylation of existing muscle PGC-1α content. Indeed, Wright et al. (2007b) showed that acute exercise in rodents resulted in the translocation of PGC-1α from the cytosol to the nucleus, in line with an accompanied increase in NRF1 and NRF2 binding to mitochondrial gene promoters, and subsequent increase in mitochondrial gene transcription (Wright et al., 2007b) . Similar findings were demonstrated in humans by Little et al. (2010) who showed a 54% increase in PGC-1α protein in the nucleus following exercise despite no changes in whole muscle PGC-1α protein content. In addition to nuclear translocation, PGC-1α has also shown to localise to the mitochondria following endurance exercise, forming a complex with Tfam . This implicates PGC-1α as a direct co-activator of Tfam, in addition to initiating Tfam translocation through NRF1 (Wu et al., 1999) . Taken together, these studies suggest that exercise-induced mitochondrial biogenesis is first mediated by a rapid increase in PGC-1α activity without the need for an increase in PGC-1α protein expression. It is also intriguing that PGC-1α, once activated is involved in an autoregulatory loop where it regulates its own transcriptional expression (Handschin et al., 2003) . Indeed, it was shown that phosphorylated PGC-1α co-activates the transcription factor myocyte enhancer factor 2 (MEF2) which in turn binds to the PGC-1α promoter region, regulating its transcriptional activity (Handschin et al., 2003) .
It is now well accepted that the activation and up-regulation of PGC-1α mediates mitochondrial biogenesis. Therefore, it is important to identify the upstream events involved in the transcription and activation of PGC-1α. Contractile activity causes numerous perturbations disrupting homeostasis, which is purported to in turn act as primary signals, activating signalling cascades inducing PGC-1α expression and mitochondrial biogenesis. To date, a number of primary signals have been implicated in exercise-induced expression of PGC-1α, including β-adrenergic stimulation, calcium signalling, changes in phosphorylation potential, reactive oxygen species and nitric oxide signalling. Some of these signalling pathways are also involved in PGC-1α expression following heat/cold exposures and/or post-exercise heat/cold exposures. The possible role of these signalling mechanisms and redundancy in PGC-1α expression/activation and subsequent mitochondrial biogenesis during exercise (Fig. 1) , passive heat/cold exposures ( Fig. 2 ) and post-exercise heat/cold exposures ( Fig. 3) will be discussed.
β-adrenergic Stimulation
As mentioned, PGC-1α was first found to be induced in brown fat and myotube cultures following exposure to cold and a β-adrenergic agonist, isoproterenol (Puigserver et al., 1998) . It is suggested that adrenergic stimulation increases the intracellular content of cyclic adenosine monophosphate (cAMP), which in turn leads to the activation and subsequent phosphorylation of protein kinase A and the cAMP response element binding protein (CREB), respectively ( Fig. 1) (Puigserver & Spiegelman, 2003; Puigserver et al., 1998; Wu et al., 1999) . It is further hypothesised that CREB directly induces the expression of PGC-1α by binding to the PGC-1α promoter region (Puigserver & Spiegelman, 2003; Puigserver et al., 1998; Wu et al., 1999) . At rest, treatments with selective β-adrenergic agonist/antagonist have shown to induce or inhibit PGC-1α expression in rodents, respectively (Miura et al., 2007) . Moreover in rodents, treatment with β-adrenergic antagonists have shown to attenuate the increase in PGC-1α mRNA following acute exercise (Miura et al., 2007) and mitochondrial biogenesis following endurance training (Ji et al., 1986) . These studies support the findings by Puigserver et al. (1998) and implicate adrenergic mechanisms in the regulation of PGC-1α and mitochondrial biogenesis. In human models however, the evidence is less clear regarding an adrenergic regulation of PGC-1α (Marsh et al., 1983; Robinson et al., 2011; Robinson et al., 2010; Sable et al., 1982; Svedenhag et al., 1984; Wolfel et al., 1986) . For instance, acute treatment with β-adrenergic blockers has shown to attenuate post-exercise mitochondrial protein synthesis (Robinson et al., 2011) , while chronic ingestion during 5 to 8 weeks of intensive endurance training significantly attenuated improvements in VO2max (Marsh et al., 1983; Sable et al., 1982) and the enzyme activities of complex-II, COX and β-3-hydroxyacyl-CoA dehydrogenase (β-HAD) (Svedenhag et al., 1984) . Conversely, acute infusion of adrenergic agonist or chronic ingestion of adrenergic blockers of similar dosage to previously mentioned studies (Marsh et al., 1983; Sable et al., 1982; Svedenhag et al., 1984) , has also shown to have no effect on PGC-1α expression and mitochondrial protein synthesis following acute exercise (Robinson et al., 2010) or mitochondrial biogenesis following 6 weeks of endurance training (Wolfel et al., 1986) . Reasons for these discrepancies are currently unclear but could be a function of experimental methods used (i.e. agonists vs. antagonists) as well as complications associated with adrenergic blockers treatments, such as; the possibility of incomplete adrenergic blockade and dissimilarities in cardiovascular responses together with exercise capacities between subjects treated with blockers and controls (Marsh et al., 1983; Robinson et al., 2010; Sable et al., 1982) . However, it is also plausible that during exercise, calcium, phosphagen or reactive oxygen species (ROS) mediated regulatory pathways may compensate for the decreased β-adrenergic signalling and consequently enable sufficient stimulation to enable PGC-1α expression and mitochondrial biogenesis (Feng et al., 2013) .
Calcium
There is evidence to suggest that cytosolic calcium (Ca   2+   ) concentrations play a vital role in inducing PGC-1α expression in skeletal muscles (Fig. 1) . Indeed, basal PGC-1α promoter activity has shown to be more sensitive to resting Ca 2+ levels compared with adenosine monophosphate-activated protein kinase, ROS or p38 signalling . Moreover, mitochondrial content has been found to increase in muscle cell cultures following 2 to 5 days of treatment with Ca 2+ ionophore or caffeine (Irrcher et al., 2003; Ojuka et al., 2003) . This increase was accompanied by an increase in PGC-1α protein expression (Irrcher et al., 2003; Ojuka et al., 2003) and the expression (Tfam and ALAS) and transcriptional activity (NRF1 and NRF2) of key factors associated with mitochondrial biogenesis (Freyssenet et al., 1999; Ojuka et al., 2003) . In contrast, cells treated with dantrolene which inhibits caffeine mediated Ca 2+ release from the sarcoplasmic reticulum abolishes the increase in PGC-1α, Tfam and the transcriptional activities of NRF1 and NRF2 (Ojuka et al., 2003) .
Ca
2+ mediated PGC-1α expression is likely to be controlled through the Ca 2+ sensitive enzymes, calcineurin and Ca 2+ -calmodulin-dependant kinase (CaMK). Supporting this, transgenic mice over-expressing an isoform of CaMK (CaMKIV) have been found to contain higher PGC-1α mRNA, Cyt c protein content and have reduced fatigability during in vitro stimulations when compared with wild-type controls (Wu et al., 2002) . In humans however, CaMKIV is not expressed while CaMKII seems to be the dominant isoform (Rose & Hargreaves, 2003) . The role of CaMK and calcineurin in Ca 2+ mediated expression of PGC-1α has also been established using pharmacological treatments and electrical stimulation models (Kusuhara et al., 2007; Ojuka et al., 2003) . For instance, ionomycin (an agent that increases membrane permeability to Ca 2+ ) or electrical stimulation-induced increases in PGC-1α expression in rat muscle cell cultures has shown to be reduced or abolished when co-treated with KN-62 (CaMK inhibitor) or cyclosporin A (calcineurin inhibitor), respectively (Kusuhara et al., 2007) . Similar findings were reported in the study by Ojuka et al. (2003) where co-treatment with caffeine and KN-93 (a CaMK inhibitor) abolished the caffeine mediated increases in CS activity and protein expressions of ALAS, COX1 and Cyt c. While calcineurin is suggested to induce PGC-1α by activating CREB through MEF2 (Akimoto et al., 2005) , it is well regarded that CaMK predominantly acts through the p38 mitogen activated protein kinase (p38 MAPK) pathway, which in turn activates the transcription factor activating transcription factor 2 (ATF2) in inducing PGC-1α and mitochondrial biogenesis (Akimoto et al., 2005; Wright et al., 2007a) . Indeed, increased expressions of PGC-1α, COX1, ALAS and CS, along with p38 MAPK and ATF2 phosphorylation were evident in rat epitrochlearis muscles following caffeine incubation (Wright et al., 2007a) . However, these adaptations were attenuated following co-incubation with a p38 or CaMKII inhibitor (Wright et al., 2007a) . Collectively, these studies provide strong evidence that increases in cytosolic Ca 2+ induces PGC-1α expression and subsequent mitochondrial biogenesis via parallel pathways involving CaMK (via p38-ATF2 activation) and calcineurin (via MEF2-CREB activation).
AMP/ATP ratio
In addition to Ca 2+ release, the increase in cellular adenosine monophosphate (AMP): adenosine triphosphate (ATP) ratio and subsequent activation of the AMP-activated protein kinase (AMPK) is another fundamental occurrence during excitationcontraction coupling. AMPK is widely termed as the "fuel sensor" due to its central role in inhibiting and activating molecular cascades that consume and generate ATP during energy depletion, respectively (Aschenbach et al., 2004; Winder, 2001) . Apart from its critical role in regulating acute changes in intracellular energy metabolism, AMPK activation has also shown regulate the gene expression and activation of PGC-1α (Fig. 1) . Presumably this AMPK regulated increase in PGC-1α enhances mitochondrial biogenesis, thus resulting in long term adaptations that enhance the rate of ATP production (Aschenbach et al., 2004; Coffey & Hawley, 2007) .
Initial mechanistic evidence implicating AMPK in mitochondrial biogenesis came from cell culture studies. For instance, acute (18-42 h) and chronic treatment (4-9 weeks) with AMP or creatine analogues, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) and β-Guanadinopropionic, respectively, has shown to increase PGC-1α mRNA and protein expression and associated increase in mitochondrial density (Bergeron et al., 2001; Irrcher et al., 2003; Terada et al., 2002; Winder et al., 2000; Zong et al., 2002) . Moreover, electrical stimulation mimicking exercise has shown to increase AMPK activity, PGC-1α protein content in C2C12 myoblasts and isolated rodent muscle preparations, respectively (Atherton et al., 2005; Irrcher et al., 2003) . It has also been shown that expression of PGC-1α and subsequent mitochondrial biogenesis is suppressed in transgenic mice expressing a negative mutation of AMPK (Zong et al., 2002) , highlighting the importance of AMPK activation in PGC-1α mediated mitochondrial biogenesis. In humans, it has been shown that endurance trained individuals possessed higher basal AMPK protein content compared with sedentary counterparts (Nielsen et al., 2003) and that regular endurance training enhances AMPK protein content and resting AMPK activity along with evidence of mitochondrial biogenesis (i.e. increase in β-HAD and CS activity) (Frosig et al., 2004) . More recently, post-exercise AMPK phosphorylation was shown to increase (Bartlett et al., 2012; Gibala et al., 2009; Little et al., 2011; Little et al., 2010) in line with an increase in the nuclear abundance of PGC-1α protein (activation) Little et al., 2010) . These initial events were followed by a more gradual up-regulation in PGC-1α mRNA and protein content between 3 h (Bartlett et al., 2012; Little et al., 2011; Little et al., 2010) and 24 h post-exercise, respectively. Overall, there is strong collective evidence from cell culture: rodent and human models implicating AMPK in the activation and induction of PGC-1α and subsequent mitochondrial biogenesis.
Unlike other pathways where PGC-1α is activated via other messengers and/or transcription factors, AMPK have shown to physically interact with PGC-1α, phosphorylating it directly at distinct sites (Jager et al., 2007) . Furthermore, PGC-1α phosphorylation by AMPK has also shown to increase the PGC-1α promoter activity and consequently its own transcriptional regulation (Jager et al., 2007) . Apart from direct phosphorylation, there is evidence suggesting that AMPK might also increase PGC-1α activity by activating the silent mating type information regulator 2 homolog 1 (SIRT1), which has shown to deacetylate PGC-1α, consequently increasing its transcriptional activity (Suwa et al., 2008; Suwa et al., 2011) . However, it must be noted that a recent study showed no differences in skeletal muscle endurance, PGC-1α expression, signalling and mitochondrial biogenesis following endurance training in SIRT1 deficient mice compared with controls, indicating that SIRT1 deacetylation of PGC-1α may not be essential for exerciseinduced mitochondrial biogenesis (Philp et al., 2011) .
Reactive Oxygen Species
ROS is the general term ascribed to oxygen centred radicals with one or more unpaired electrons. The primary ROS produced in biological systems is the superoxide anion which can occur at multiple sites within the muscle fibre including the mitochondria, sarcoplasmic reticulum, transverse tubules, sarcolemma and the cytosol (Jackson, 2011; Jackson et al., 2007; Powers et al., 2009) . Superoxide anion rapidly dismutates to hydrogen peroxide upon production (Jackson et al., 2007) . Hydrogen peroxide in addition to having a relatively long half-life, readily diffuses within or between cells, increasing the likelihood of reacting with other targets. These properties render hydrogen peroxide as an important ROS signalling molecule in skeletal muscle cells which has been shown to activate many "redox sensitive" cascades including growth, differentiation, proliferation and apoptosis (McArdle & Jackson, 2000; Powers et al., 2009; Powers et al., 2011) .
The involvement of ROS in the expression of PGC-1α was first demonstrated in myotube cultures, where the up-regulation of PGC-1α mRNA following acute and chronic electrical stimulation, or hydrogen peroxide incubation was attenuated in the presence of antioxidants or ROS scavengers, respectively (Irrcher et al., 2009; Silveira et al., 2006) . Intriguingly, ROS has shown to induce/activate PGC-1α via multiple signalling pathways involving AMPK, p38 MAPK and nitric oxide signalling. For instance, ROS may initiate PGC-1α transcription and activity via AMPK, as C2C12 myotubes incubated with hydrogen peroxide increased AMPK phosphorylation and subsequently PGC-1α activity and mRNA expression (Irrcher et al., 2009 ). Further, p38 MAPK activation and endothelial nitric oxide synthase expression, both upstream targets of PGC-1α, has shown to be attenuated in exercising rats administered with allopurinol (Gomez-Cabrera et al., 2005) . More recently, in myotube cultures, it was shown that p38 MAPK activation as well as PGC-1α activation and promoter activity following electrical stimulation was attenuated when incubated with a ROS scavenger . These data consequently highlight ROS as an important primary stimulus, due to the numerous pathways (AMPK, nitric oxide and p38MAPK) it may act through in activating the PGC-1α program and associated adaptations.
While these in vitro studies provide a sound mechanistic link between ROS and contraction-induced PGC-1α expression, in vivo evidence regarding the role of ROS signalling in PGC-1α expression is variable. For instance, the administration of vitamin C during 3 to 6 weeks of endurance training has been shown to attenuate the mRNA and protein content of PGC-1α, NRF1 and Tfam, along with increases in muscle mitochondrial content in rodents (Gomez-Cabrera et al., 2008) . Likewise, impaired mitochondrial biogenesis (suppressed CS activity) and reduced PGC-1α mRNA and protein content has been observed in rodents fed with antioxidant rich diet during 14 weeks of endurance training (Strobel et al., 2011) . Similar findings have been observed in humans, where combined vitamin C and E supplementation during 4 weeks of endurance training (5 days•wk -1 ) resulted in lower basal PGC-1α mRNA expression in both trained and untrained participants (Ristow et al., 2009 ). However, PGC-1α protein content or markers of mitochondrial content were not determined in this study (Ristow et al., 2009) . Collectively, these studies indicate that exercise-induced ROS production has a functional role in the induction of PGC-1α and mitochondrial biogenesis.
In contrast to the above findings, antioxidant supplementation in rodents has shown to have no effect on the expression of mitochondrial transcription factors (NRF1, NRF2 and Tfam) respiratory chain complexes (I-V), PGC-1α or upstream signalling activity (p38 MAPK and AMPK) following acute and chronic endurance exercise (Higashida et al., 2011; . Likewise, research within humans has shown that Vitamin C and E supplementation during a 12-week intense endurance training program had no influence on improvements in VO2max, power output at VO2max and power output at lactate threshold (Yfanti et al., 2010) . Moreover, muscle sample analysis within this study revealed similar increases in CS and β-HAD activity indicating a similar extent of local muscle aerobic adaptation (Yfanti et al., 2010) . The disparities in findings within the literature are difficult to reconcile but are potentially related individual differences in response to antioxidant loading and exercise stimulus. Nevertheless, cell culture studies provide direct mechanistic evidence for ROS mediated induction and activation of PGC-1α and as such cannot be discounted as a possible mechanism of mitochondrial biogenesis (Irrcher et al., 2009; Silveira et al., 2006) .
Nitric Oxide
Nitric oxide (NO) is a lipid soluble gas implicated in a wide array of biological functions such as vascular function (Kooijman et al., 2008) , capillarization (Gavin, 2009 ), blood flow regulation (Radegran & Saltin, 1999) , muscle contractile function (Kobzik et al., 1994) and cell signalling (Steensberg et al., 2007) . NO is synthesised enzymatically by three recognised NO synthase (NOS) isoforms termed; neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS), with nNOS being the primary isoform in the skeletal muscle (Frandsen et al., 1996; Rudnick et al., 2004) . nNOS and eNOS are primarily localised in the sarcolemma and vascular endothelium, respectively (Frandsen et al., 1996) , although both isoforms also exist in the mitochondria (Frandsen et al., 1996; Kobzik et al., 1994) . iNOS is not constitutively expressed in skeletal muscles but may be induced by inflammatory stress associated with exercise (Niess et al., 2000) .
Amongst its many biological functions, recent studies have highlighted the important role of NO signalling in the expression of PGC-1α and thus mitochondrial biogenesis (Fig. 1) . For instance, treatment with NO donors has shown to increase the mRNA expression of PGC-1α, NRF1 and Tfam and several other respiratory chain components in muscle cell cultures (Nisoli et al., 2004) . In addition, eNOS deficient mice have shown to have reduced mitochondrial density when compared with wild-type controls (Nisoli et al., 2004) . Guanosine monophosphate (cGMP) signalling appears to be an important pathway by which NO induces PGC-1α expression. Indeed, in similar fashion to NO donors, cGMP analogues have shown to increase the mRNA expression of PGC-1α and other mitochondrial transcription factors and proteomes (Nisoli et al., 2004) . In addition, pharmacologically inhibiting cGMP synthesis abolished these effects, highlighting the important role of cGMP in NO induced PGC-1α expression (Nisoli et al., 2004) .
In addition to ROS signalling, AMPK and Ca 2+ signalling pathways have also been implicated in NO mediated PGC-1α expression ( Fig. 1) (Lira et al., 2010; McConell et al., 2010) . In a recent study, McConell et al. (2010) showed that AMPK and CaMK were activated in L6 myocytes treated with NO donors, in line with increased protein expressions of PGC-1α, COX1 and COX4. Interestingly, attenuated expression of COX1 and COX4 protein was observed in myotubes co-incubated with NOS Oct 2014 ‫|‬ Volume 3 ‫|‬ Issue 1 ‫|‬ e7 inhibitor, N G -nitro-L-arginine methyl ester (L-NAME) with either AICAR or caffeine when compared with incubation with AICAR or caffeine alone . This indicates that that NO signalling is both upstream and downstream of AMPK and CaMK, respectively. Similar findings were demonstrated by Lira et al. (2010) , where pharmacological inhibition of AMPK attenuated PGC-1α mRNA expression, despite co-treatment with NO donors. It was also shown that PGC-1α mRNA expression was attenuated when muscle cells were treated with NOS inhibitor, L-NAME despite co-treatment with AICAR. Collectively, these data indicate a possible feedback loop involving NO, AMPK and CaMK in the regulation PGC-1α expression, where AMPK and CaMK activates NOS, and NO production in turn activates AMPK and CaMK (Fig. 1) . Despite the strong mechanistic link established by these cell culture models, existing data does not support a role for NO signalling in exercise-induced mitochondrial biogenesis. For instance, both eNOS and nNOS knock-out mice, although possessing lower basal PGC-1α expression, have been shown to have similar responses in PGC-1α and NRF2 mRNA expression following acute exercise . Likewise, the ingestion of the NOS inhibitor (L-NAME) has shown to have no influence on changes in PGC-1α mRNA and other markers of mitochondrial biogenesis (CS, COX and β-HAD activities) following an acute bout of exercise in rats, despite resulting in decreased basal mRNA of several respiratory chain proteins . The limited evidence for NO mediated increases in PGC-1α following exercise may be due redundancy of signalling cascades, whereby primary signals such as cellular Ca 2+ or phosphagen ratio may sufficiently induce/activate PGC-1α and mitochondrial biogenesis. Regardless, NO seems to have a role in the basal regulation of mitochondrial content (McConell & Wadley, 2008; and hence may be crucial to long term mitochondrial adaptations in response to exercise.
Figure 1.
Up-regulation and activation of PGC-1α by exercise and the subsequent effect on the regulation of mitochondrial and nuclear encoded genes and VEGF. Exercise up-regulates PGC-1α through multiple signalling pathways including β-adrenergic stimulation, Ca 2+ , ROS, NO and AMPK mediated mechanisms. There seems to be regulatory feedback loop involving CaMK, AMPK with NO signalling, where NO mediated cGMP signalling activates AMPK and CaMK which in turn activates NOS. ROS appears to activate numerous downstream cascades including p38, NO and AMPK signalling. PGC-1α protein resides in the cytosol and translocates to the nucleus and mitochondria upon activation. In the cytosol, it induces the expression of key transcription factors such NRFs and Tfam. Moreover, PGC-1α physically binds to and co-activates NRFs and Tfam in the nucleus and mitochondria, respectively, leading to the transcription of nuclear and mitochondria encoded genes. PGC-1α, once activated, autoregulates its own transcription through co-activating MEF2 and subsequently CREB. Encoded genes undergo translation in the cytosol and are subsequently imported into the mitochondria for assembly. PGC-1α also regulates vascular adaptations by inducing the expression of VEGF through ERRα. Oct 2014 ‫|‬ Volume 3 ‫|‬ Issue 1 ‫|‬ e7
Other PGC-1α Mediated Adaptations Related to the Oxidative Phenotype:
VEGF and Angiogenesis
In addition to PGC-1α being regarded as a key regulator of mitochondrial biogenesis (Puigserver & Spiegelman, 2003; Puigserver et al., 1998; Wu et al., 1999) , recent evidence has implicated PGC-1α in mediating other adaptations contributing to the oxidative phenotype of the muscle. Angiogenesis refers to the formation of new capillaries from existing capillaries (Distler et al., 2003; Prior et al., 2004) and is considered one of the fundamental adaptations resulting from endurance based exercise (Brodal et al., 1977; Carrow et al., 1967; Cotter et al., 1973) . The increase in muscle capillary density reduces the capillary-muscle fibre O2 diffusion distance while increasing blood-capillary transit time at high cardiac outputs (Richardson et al., 1995) . This evidently improves O2 transport into the mitochondria, contributing to ones VO2max and endurance performance (Richardson et al., 1995) .
One factor deemed critical to the angiogenic process is the vascular endothelial growth factor (VEGF) (Distler et al., 2003; Prior et al., 2004) . The overall significance of VEGF to angiogenesis and resulting exercise performance was recently demonstrated by Olfert and colleagues (Olfert et al., 2009; Olfert et al., 2010) . For instance, transgenic mice with muscle-specific VEGF gene knock-out displayed a 90% reduction in VEGF protein levels in the gastrocnemius muscles in line with a 48% and 39% reduction in capillary-to-fibre ratio and capillary density, respectively (Olfert et al., 2009) . Not surprisingly, performance during running time to exhaustion and maximal aerobic running speed during a graded exercise test was lower in the VEGF knock-out mice by 81% and 34%, respectively (Olfert et al., 2009) . In a follow up investigation, 6 weeks of endurance training increased muscle capillary density (59%) and capillaryto-fibre ratio (33%) in wild-type mice but no such adaptations were observed in mice with muscle-specific VEGF knock-out (Olfert et al., 2010) . Accordingly, training-induced improvements in exercise capacity were only evident in the wild-type controls where a 13% and 20% improvement in running time to exhaustion and maximal aerobic running speed were noted (Olfert et al., 2010) , implicating VEGF mediated increases in capillary density as a key adaptation necessary for performance gains.
Evidence for a role for PGC-1α in skeletal muscle angiogenesis was first demonstrated by Arany et al. (2008) where C2C12 myotubes transfected with virus expressing PGC-1α resulted in a 14-fold increase in VEGF mRNA expression. In addition, upregulation of VEGF mRNA following O2 depravation treatment (Arany et al., 2008) or β-adrenergic stimulation (Chinsomboon et al., 2009 ) has shown to be significantly lower in muscle cells derived from PGC-1α knock-out mice, compared with wild-type controls. The necessity of PGC-1α in VEGF mediated angiogenesis has also been demonstrated using exercise models, where capillary density was shown to be significantly increased in wild-type controls compared with PGC-1α muscle knock-out mice following 14 days of voluntary running (Chinsomboon et al., 2009) . Collectively, these studies therefore indicate that in addition to regulating mitochondrial biogenesis, PGC-1α also has a role in angiogenic adaptations through its influence on VEGF. As such, strategies that enhance the expression of PGC-1α could potentially have an effect on VEGF and angiogenic processes.
Fat Oxidation
The nuclear receptor peroxisome proliferator-activated receptor α (PPARα) has long been identified as a receptor involved in the transcriptional regulation of genes involved in fat metabolism (Gilde & Van Bilsen, 2003) . However, first evidence elucidating a role for PGC-1α in fat oxidation stems from the study by Vega et al. (2000) . In this study, ectopic expression of either PPARα or PGC-1α alone resulted in only a modest increase in key β-oxidation enzymes; medium and long chain acyl coenzyme A dehydrogenase (MCAD & LCAD) and carnitine palmitoyltransferase 1 (CPT1). In contrast, ectopic expression of both PPARα and PGC-1α resulted in a marked increase in the mRNA expression MCAD, LCAD and CPT1 (Vega et al., 2000) . This indicates that PPARα and PGC-1α work cooperatively in regulating the expression of genes involved in β-oxidation.
A subsequent study by Wende et al. (2007) showed that PGC-1α transgenic mice over-expressing PGC-1α exhibited higher basal mRNA expression of MCAD, CPT1 and sarcolemma fatty acid transporter CD36 compared with controls. Similar findings were reported by Calvo et al. (2008) , where mice overexpressing PGC-1α had higher basal mRNA content of β-oxidation proteins (MCAD, LCAD & CD36), compared with wildtype controls. These findings highlight the pivotal role of PGC-1α in the transcriptional control of proteins involved in fatty acid transport and oxidation, consequently enhancing the overall capacity for fatty acid oxidation.
PGC-1α also seems to increase fat oxidation by suppressing glycolysis. Evidence from this comes from the observation that PGC-1α regulates the expression of pyruvate dehydrogenase kinase 4, which inactivates the pyruvate dehydrogenase complex, an enzyme responsible for catalyzing the conversion of pyruvate to acetyl coenzyme A and hence glucose oxidation (Kolobova et al., 2001; Wende et al., 2005) . Taken together, PGC-1α seems to have an important role in enhancing fat oxidation capacity and may mediate classic adaptation of increased fat utilization following an exercise training regime.
Role of Temperature in PGC-1α Mediated Adaptations Passive Heat Exposure
The production of metabolic heat during exercise appears to have a role in muscle oxidative phenotype transformations (Harris et al., 2003; Hooper, 1999; Liu & Brooks, 2012; Naylor et al., 2011; Yamaguchi et al., 2010) . This is inferred from recent studies that have demonstrated that heat stress may result in similar muscle adaptations to that observed following endurance exercise (Harris et al., 2003; Hooper, 1999; Liu & Brooks, 2012; Naylor et al., 2011; Yamaguchi et al., 2010) . For instance, mild heat stress (39-40°C) has been shown to increase PGC-1α activity and induce PGC-1α mRNA and protein expression in a variety of muscle cell lines (Liu & Brooks, 2012; Yamaguchi et al., 2010) , in addition to an increase in the mRNA content of key mitochondrial transcription factors (NRF1, NRF2 and Tfam), complex-IV subunits (COX2 and COX4) as well as glucose transporter 4 (GLUT4) mRNA (Liu & Brooks, 2012) . In humans, heat exposure has shown to induce adaptations where PGC-1α may potentially be involved (Michael et al., 2001; Prior et al., 2004) . These adaptations include decreases in resting blood glucose concentration, improved brachial artery function and remodelling (Hooper, 1999; Naylor et al., 2011) . Oct 2014 ‫|‬ Volume 3 ‫|‬ Issue 1 ‫|‬ e7
Although evidence suggests that elevations in muscle tissue temperature may influence muscle aerobic adaptations, much research is still needed to identify the signalling pathways involved (Harris et al., 2003; Liu & Brooks, 2012; Yamaguchi et al., 2010) . Current evidence indicates that PGC-1α expression/activation and associated adaptations such as mitochondrial biogenesis and GLUT4 expression following heat stress may be via mechanisms involving NOS, SIRT1, and possibly AMPK signalling (Fig. 2) . For instance, endothelial cell cultures subjected to heat treatment have shown to increase both eNOS activity and expression (Harris et al., 2003) . Moreover, heat treatment has also shown to increase AMPK activity and SIRT1 expression, in line with increased PGC-1α and GLUT4 expression, downstream transcription factors (NRFs and Tfam) and respiratory chain complexes I-V in muscle cell cultures (Brooks et al., 1971) . However, a recent study reported decreased AMPK signalling in plantaris and soleus muscles of mice subjected to acute heat exposure (Tamura et al., 2014) . Chronic exposure (5 weeks) resulted in increased CS and β-HAD activities as well as protein content of respiratory complexes I-V, however AMPK signalling was not investigated following chronic exposure in this study (Tamura et al., 2014) . This disparity in results could be a function of the experimental models used (i.e. in vivo vs. in vitro) and/or heat exposure conditions (temperature and duration) (Liu & Brooks, 2012; Tamura et al., 2014) .
There is some preliminary evidence that other primary signals may also be involved in heat-induced muscle oxidative phenotype transformations (Fig. 2) . For instance, short term heat stress (30-45 min at 40-43°C) has shown to result in increased ROS formation and Ca 2+ leakage from sarcoplasmic reticulum in rat diaphragm and skeletal muscle fibres, respectively (van der Poel & Stephenson, 2007; Zuo et al., 2000) . However, while both ROS and Ca 2+ are well known primary signals responsible for the induction/activation of PGC-1α and mitochondrial biogenesis, CaMKII, a downstream target of Ca 2+ , and; p38 MAPK, a downstream target of both ROS and Ca 2+ (Gomez-Cabrera et al., 2005; Irrcher et al., 2009; ) have shown to not activate following heat treatment in vitro (Yamaguchi et al., 2010) and in vivo (Tamura et al., 2014) . As such, it seems that CaMKII and p38 MAPK signalling are not involved in heat-induced PGC-1α mechanisms and ROS and Ca 2+ might act through AMPK-NOS pathways in up-regulating PGC-1α and mediating associated adaptations (Fig. 2) .
Post-exercise Heat Exposure
In contrast to passive exposure, acute post-exercise heat exposure has shown to significantly increase p38 MAPK activation compared with exercise per se (Tamura et al., 2014) . Interestingly, AMPK signalling was down-regulated and no changes were evident in CaMKII signalling compared with control and exercise (Tamura et al., 2014) . Moreover in this study, CS and β-HAD activities, along with the expression of respiratory chain complexes were significantly higher following 5 weeks of post-exercise heat treatment, compared with exercise (Tamura et al., 2014) . While the signalling pathways were not investigated following chronic phase of this study, acute mechanisms suggest that mitochondrial biogenesis following post-exercise heat treatment was mediated primarily via p38 MAPK signalling (Fig. 3) (Tamura et al., 2014) .
We are aware of only one study that has investigated the effect of post-exercise heat exposure on muscle oxidative adaptations in humans (Slivka et al., 2012) . In this study, it was shown that passive recovery following exercise undertaken in hot ambient conditions (3 h at 33°C) resulted in reduced PGC-1α mRNA expression compared with recovery undertaken in neutral (3 h at 20°C) and cold conditions (3 h at 7°C). The considerable disparity in results between rodent and human models may be due to the duration of exposure (30 min vs. 3 h) and consequently changes in body temperature. Indeed, it's possible that while mild heat exposure may accentuate muscle oxidative adaptations to exercise, prolonged heat exposure may result in detrimental effects. Dose-response studies, investigating the relationship between increases in post-exercise body temperature and oxidative adaptations are certainly required in the future to ascertain this.
Passive Cold Exposure
Considering that heat exposure has shown to induce PGC-1α (Liu & Brooks, 2012; Yamaguchi et al., 2010) , it is interesting that PGC-1α was first discovered in a study investigating the regulation of uncoupling proteins in response to cold exposure (Puigserver et al., 1998) . In this study, it was shown that PGC-1α mRNA was significantly induced in brown fat of mice following 3 to 12 h of cold exposure at 4°C, with parallel increases in several respiratory chain subunits; COX2, COX4 and ATP synthase (Puigserver et al., 1998) . Further evidence may be gathered from studies on hibernating species, where PGC-1α expression has shown to be readily induced in a variety of organs including skeletal muscles following cold exposure (Eddy & Storey, 2003) . It is suggested that cold exposure induces PGC-1α via adrenergic stimulation and subsequently CREB binding to the PGC-1α promoter region (Fig. 2) , as similar up-regulation in PGC-1α mRNA was evident when brown fat and muscle culture mediums were treated with a β-adrenergic agonist, isoproterenol (Puigserver et al., 1998) .
The finding that mitochondrial biogenesis may be up-regulated by cold exposure is attractive, as it is a feasible option to then formulate temperature related therapeutic/ergogenic programs in both athletic and clinical settings. In this regard, it is puzzling that there has been very little research investigating muscle oxidative adaptations in response to cold exposure using in vivo models (Bruton et al., 2010; Walters & Constable, 1993; Wijers et al., 2008; Wijers et al., 2011) . In an early study, a 22 to 23% increase in CS activity, indicating an increase in mitochondrial content was observed in rat skeletal muscles following daily (5 days•wk -1 ) cold water immersion (60 min at 20°C) over a 17 to 19 wk period (Walters & Constable, 1993) . However, in this study it was possible that mitochondrial biogenesis were the result of muscle contractions associated with shivering thermogenesis. However, a more recent study has observed a 50% increase in PGC-1α protein expression as well as increased CS and β-HAD activities following cold acclimatisation (18°C for 4 wk followed by 4°C for 4-5 wk's) in mice flexor digitorum brevis muscles, which do not partake in the shivering response (Bruton et al., 2010) . In addition, the decrement in force was 40% greater in the control compared with the cold acclimatised mice during stimulated repetitive contractions, indicating improved fatigue resistance following cold acclimatisation (Bruton et al., 2010) . It was also found that basal muscle Ca 2+ content was 50% higher, while no indication of AMPK phosphorylation were evident in the cold acclimatised mice compared with controls (Bruton et al., 2010) . As such, while it is possible that Ca 2+ , in addition to β-adrenergic mechanisms could be involved in cold-induced PGC-1α and mitochondrial biogenesis, targets downstream of Ca 2+ signalling have yet to be elucidated (Fig. 2) .
Very few studies have investigated the effect of passive cold exposure on muscle aerobic adaptations in humans as well (Wijers et al., 2008; Wijers et al., 2011) . Studies by Wijers et al. (2008; 2011) reported no changes in CS activity or in the protein content of respiratory chain complexes (I-V) following a 48 to 82 h, 16°C non-shivering cold exposure (Wijers et al., 2008; Wijers et al., 2011) . Although the exposure increased energy Oct 2014 ‫|‬ Volume 3 ‫|‬ Issue 1 ‫|‬ e7 expenditure, indicating an increase in non-shivering thermogenesis and slightly but significantly decreased body temperatures, these changes were probably insufficient to induce mitochondrial biogenesis, at least within the 48 to 82 h period. 
Post-exercise Cold Exposure
As opposed to passive cold exposure, more studies have investigated the effects of cold exposure following exercise instead Ihsan et al., 2014; Slivka et al., 2013; Slivka et al., 2012; Yamane et al., 2006) . In an early study, it was shown that improvements in VO2max and cycling time to exhaustion during single leg cycling following 4 weeks of endurance training were attenuated in the leg subjected to regular post-exercise cooling (2 x 20 min at 5°C) (Yamane et al., 2006) . Moreover, it was reported that resting femoral artery diameter in the control limb was significantly increased following endurance training while no such adaptation was observed in the limb subjected to regular cooling, indicating the possibility of attenuated vascular adaptations to training (Yamane et al., 2006) . Indeed, cold water immersion could potentially retard vascular adaptations through its ability to decrease postexercise muscle blood flow/perfusion (Gregson et al., 2011; Ihsan et al., 2013a; Mawhinney et al., 2013) and consequently minimising shear stress on the vessel walls, an important stimulus for vascular adaptations (Naylor et al., 2011) . This is in contrast with a recent finding where some benefits in cycling performance were evident following regular whole body postexercise cold water immersion over a 5-week training block . However, it must be mentioned that in this study, performance testing was preceded by cold water immersion interventions the day before . As such, it is difficult to ascertain whether performances were maintained/enhanced by the recovery effects of cold water immersion or due to enhanced adaptations per se, as day to day training performances have shown to be better maintained following cold water immersion treatment (Vaile et al., 2008 ).
Data at the molecular level seems conflicting as well regarding the role of post-exercise cold exposure on muscle oxidative adaptations to exercise (Ihsan et al., 2014; Slivka et al., 2013; Slivka et al., 2012) . For instance, recent studies by Slivka et al. (2013; investigated the effect of environmental temperature during post-exercise recovery and reported significant elevations in PGC-1α mRNA expression when a 3 to 4 h post-exercise recovery period was undertaken in cold (7°C), compared with temperate (20°C) conditions. Interestingly, the mRNA of downstream transcription factors, namely NRF1 and estrogen related receptor α (ERRα) were shown to be attenuated following cold exposure (Slivka et al., 2013) . This is indeed unusual, as PGC-1α has been well shown to increase NRF1 expression and transcriptional activity (Wu et al., 1999) and consequently suggests other pathways besides PGC-1α might regulate NRF1 expression following post-exercise cold exposure. Regardless, this study lends some support for the study by Yamane et al. (2006) , as NRF1 has shown to encode a variety of mitochondrial components (Scarpulla, 2002) and PGC-1α has shown to act through ERRα in inducing VEGF expression (Chinsomboon et al., 2009) . A key consideration however, that must be accounted for is that the increase in PGC-1α following cold exposure as demonstrated by Slivka et al. (2013; was accompanied by significant elevations in whole body VO2 and shivering thermogenesis, which independently may increase PGC-1α mRNA expression. As such, it is not possible in these studies to determine if differences in cell signalling were temperature or contraction driven. Nevertheless, recent study by Ihsan et al. (2014) has demonstrated that cold-induced shivering thermogenesis was not necessary to enhance aerobic adaptations mediated by exercise. Indeed, using a one-legged cooling design to avoid shivering, Ihsan et al. (2014) showed that 15 min of postexercise cold water immersion (10°C) resulted in increased mRNA content of PGC-1α following exercise. Moreover, unpublished data from our laboratory show increased AMPK and p38 MAPK signalling along with increased complex III and β-HAD protein expression following regular post-exercise cooling over 4 weeks of endurance training (Ihsan et al., 2013b, unpublished observation) .
Overall, there is considerable disparity and ambiguity regarding the effects of post-exercise cold water immersion. Data from performance studies are unclear Yamane et al., 2006) , but potentially indicate that training adaptations may be attenuated, as data from the study by Halson et al. (2014) could be due to the recovery effects of cold water immersion. From the molecular studies (Ihsan et al., 2014; Slivka et al., 2013; Slivka et al., 2012) , the increase in PGC-1α following post-exercise cold exposure appears to be a consistent effect and seems to be via AMPK and p38 MAPK signalling (Fig. 3) , although other mechanisms such as β-adrenergic pathways are possible as well. These results indicate that exercise adaptations may be accentuated by cold water immersions. It is thus difficult to reconcile the findings by Ihsan et al. (2014) and Slivka et al. (2013; where the molecular data is supportive of mitochondrial biogenesis, to that of Yamane et al. (2006) , where indices of aerobic performance seem attenuated following post-exercise cold water immersion. One possibility is that while cold exposure might increase mitochondrial biogenesis, it may also in parallel decrease mitochondrial efficiency, through increased mitochondrial uncoupling mechanisms. Indeed, cold exposure has shown to increase, in a PGC-1α dependant manner, the expression of uncoupling proteins and uncoupled respiration in cultured myotubes (Wu et al., 1999) . Moreover, mitochondrial state 4 (i.e. uncoupled) respiration has shown to significantly correlate (R2 = 0.65) with increases in energy expenditure during short term cold exposure (48 h) in humans (Wijers et al., 2011) . Alternatively, since NRF1 and ERRα expressions have shown to be attenuated following post-exercise cold exposure (Slivka et al., 2013) , it is possible that events downstream of PGC-1α may be negatively affected by this intervention, resulting in impaired mitochondrial biogenesis. This is probably unlikely, as previously mentioned, unpublished data from our laboratory show increased complex III and β-HAD protein expressions following regular post-exercise cooling over 4 weeks of endurance training (Ihsan et al., 2013b) . More research investigating the effect of post-exercise cooling on mitochondrial efficiency and regulatory events downstream of PGC-1α are needed to fully elucidate its effect on adaptations to exercise and training. adaptations following post-exercise heat and cold exposures appear to be poorly chracterised, although p38 signalling seems to be an important pathway in both conditions. AMPK signalling is also involved in PGC-1α activation following post-exercise cold exposure while postexercise heat exposure seems to inhibit AMPK signalling.
Summary and Conclusions
In summary, mitochondrial biogenesis has substantial implications in exercise performance and in the reduction of risk factors related to a variety of chronic diseases. Exercise is a well-known intervention to increase muscle mitochondrial protein content and subsequently improve aerobic function. It is well accepted that the transcriptional coactivator PGC-1α is a key regulator of mitochondrial biogenesis. PGC-1α regulates mitochondrial biogenesis by inducing the gene expression and controlling the transcriptional activity of key factors such as NRF1, NRF2 and Tfam. Apart from its regulatory role in mitochondrial biogenesis, PGC-1α is also involved in other aerobic phenotypic adaptations such as angiogenesis and fatty acid oxidation through its interactions with VEGF and PPARα, respectively. To date, a number of primary signals have been identified to trigger signalling cascades inducing/activating PGC-1α. These signals include β-adrenergic stimulation, increase in AMP:ATP ratio, increase in cellular levels of Ca 2+ , ROS and NO.
Changes in AMP:ATP ratio and increases in cellular levels of Ca 2+ and ROS appear to be the major signals triggering the PGC-1α program and associated adaptations to exercise. Major second messengers downstream of these signals include AMP:ATP ratio sensitive AMPK, which activates PGC-1α directly and the Ca 2+ sensitive CaMK and calcineurin, which acts through p38 MAPK in inducing/activating PGC-1α. ROS has shown to activate multiple cascades including AMPK, p38 MAPK and NOS, rendering itself an important signalling molecule for oxidative adaptations. There is emerging evidence indicating that PGC-1α may be induced by exposure to heat and/or cold exposure. This effectively renders heat and cold treatment as possible modalities to induce mitochondrial biogenesis and other PGC-1α involved adaptations such angiogenesis and increased capacity for fatty acid oxidation, either in conjunction with or independently of exercise. p38 MAPK does not seem to be involved, while AMPK, SIRT1 and NO signalling seem to be the main mechanisms in heat-induced PGC-1α expression. There are considerable differences in response to post-exercise heat exposure in rodent compared with human models. For instance, mitochondrial biogenesis was found to be up-regulated through p38 pathways in rodents, while PGC-1α expression was attenuated in humans following post-exercise heat exposure. More studies using human models are needed to verify the effect of post-exercise heating on muscle oxidative adaptations. Evidence from cell culture and rodent models indicate that PGC-1α and mitochondrial biogenesis are strongly up-regulated following passive cooling, seemingly through β-adrenergic and Ca 2+ triggered cascades. Considerable disparity is however present regarding postexercise cooling, where studies have demonstrated an increase in PGC-1α expression and indices of mitochondrial biogenesis as well as impaired aerobic performance following post-exercise cooling. Studies investigating events downstream of PGC-1α as well indices of mitochondrial efficiency following post-exercise are needed to further understand the effects of this treatment modality. Understanding the effects and mechanisms of heat/cold exposure, both in isolation and in combination with exercise will be invaluable in the delivery and optimisation of temperature related treatments both the athletic and clinical populations.
